In this study, the effects of four fine minerals, which were fine diaspore (FDIA), kaolinite, illite, and pyrophyllite (D50 is about 4.55 μm, D80 is about 10.78 μm), on the pulp rheology of the diaspore and pyrite mixed ores (D50 is about 120.53 μm, D80 is about 187.36 μm) and the recovery of pyrite were investigated through flotation tests, pulp rheology measurements, and sedimentation tests. It was found that fine minerals could change the pulp rheology and affect the pyrite recovery. The apparent viscosity of the mixed ores slurry increased with the addition of FDIA, kaolinite, and illite and the pyrite recovery decreased in varying degrees. When the addition was 15 wt.%, the recovery of pyrite decreased from 92.3% to 60.8%, 81.4%, and 84.7%, respectively. The addition of pyrophyllite had a significant deteriorating effect on flotation. When the addition of pyrophyllite was 5 wt.%, the pyrite recovery was reduced to 49.2%, and when the addition was further increased to 15 wt.%, the pyrite recovery reduced to 28.5%. However, the effect of pyrophyllite addition on the pulp rheology of the mixed ore was not remarkable. Pyrophyllite affected pyrite recovery not only by affecting the rheological behavior of the pulp, but also because pyrophyllite was adsorbed on the surface of pyrite and diaspore, producing hetero-aggregation, which made it difficult for the pyrite particles to collide with the bubbles effectively. This was the main reason for the reduction of pyrite recovery. Generally, the order in which the reduction of pyrite recovery was affected by the additions of fine minerals was pyrophyllite > FDIA > kaolinite > illite.
Introduction
In China, about 11% of high-sulfur bauxite resources are diaspore-type bauxite. With the decrease of high-quality bauxite resources, high-sulfur bauxite has gradually become the main raw material for alumina production by Bayer process in China [1] . Too much sulfur impurities in bauxite will have a strongly negative influence on the Bayer process. Thus, high-sulfur bauxite cannot be used directly in the Bayer process to produce alumina. At present, there are two main methods of bauxite desulfurization: one is desulfurization in the Bayer process [2, 3] , which is called wet desulfurization, and the other is pre-desulfurization of high-sulfur bauxite [4] . For high-sulfur bauxite, flotation is the most economical and efficient desulfurization method at present [5] . the morphological characteristics of suspended solids with the hydrodynamic behavior. It was found that different types of clay minerals can affect the pulp rheology of calcareous sand. Like illite, pyrophyllite is a 2:1 non-swelling clay mineral with T-O-T structure. However, pyrophyllite has good natural hydrophobicity and is difficult to separate from pyrite [31, 32] . At present, the influence of pyrophyllite on pulp rheology is rarely reported, which is also one significance of this paper. In this study, three common clay minerals (kaolinite, illite, and pyrophyllite) with high content in bauxite and FDIA were selected to study the influence of fine minerals on pulp rheology and flotation. These four minerals can be collectively referred to as fine minerals. In order to eliminate the influence of dissociation degree on flotation, a series of artificial mixed ores of diaspore, pyrite, and fine minerals were used to measure the pulp rheology and to test flotation. Pulp rheology measurement, sedimentation tests, and flotation tests were used to study the effects of fine minerals on the pulp rheology and flotation of diaspore-pyrite mixture pulp in order to provide theoretical guidance for the flotation desulfurization of bauxite with different contents and kinds of fine minerals.
Materials and Methods

Mineral Preparation and Reagents
Diaspore was mined in Zunyi, Guizhou Province; pyrite was mined in Maanshan, Anhui Province; kaolinite was purchased from Up star chemical Co., Ltd.; illite was mined in Ningde, Fujian Province; and pyrophyllite was mined in Qingtian, Zhejiang Province. All minerals were crushed to about 2 mm after manual selection. The mineral compositions of minerals were analyzed by X-ray diffraction (XRD) (X'Pert PRO, PANalytical Company, Almelo, The Netherlands), where the scanning step was 0.013°, the scanning time per step was 50 s, and the scanning type was continuous. The results are shown in Figure 2 . Quantitative XRD analysis showed that the diaspore sample contained 94.8% diaspore, 3.2% anatase, 1.7% goethite, and 0.4% annite. The pyrite sample contained 98.3% pyrite, 1.2% hematite, and 0.5% iron sulfide. The kaolinite sample contained 98.2% kaolinite and 1.8% dickite. The pyrophyllite sample contained 94.5% pyrophyllite and 5.5% cristobalite. The illite sample contained 60.8% illite and 39.2% quartz. Illite is closely associated with quartz and there is no relatively mature purification method at present. The presence of quartz does not significantly change the clay properties of illite, so illite with a purity of 60.8% could be used as a pure mineral in this experiment. No chemical reagent was added during the selection of all pure minerals. Through grinding the six minerals, the particle size of diaspore and pyrite were similar and the particle sizes of FDIA, kaolinite, illite, and pyrophyllite were similar. Dry screening of diaspore and pyrite with 400-mesh sieve was conducted and the sample on the sieve (+38 μm) was taken for particle size distribution measurement. The particle size distribution of the six kinds of minerals was measured by laser particle size analyzer (Beckman Coulter, Inc, Miami, FL, USA). The six minerals were mixed individually with water to form very thin suspensions, which were then dispersed by ultrasound for 30 s and poured into the diluter of the laser particle size analyzer for particle size distribution measurement. The particle size distributions of four fine minerals, diaspore, and pyrite are shown in Figure 3 . The particle size distribution of the fine minerals was similar (D50 was about 4.55 μm, D80 was about 10.78 μm) and the particle size distribution of diaspore and pyrite were similar (D50 was about 120.53 μm, D80 was about 187.36 μm). In this study, sodium butyl xanthate (Coal Preparation Plant, Guizhou, China) was used as the collector, terpineol (Coal Preparation Plant, Guizhou, China) was used as the frother, sodium carbonate (Yongda Chemical Reagent Co., Ltd., Tianjin, China) was used as the pH regulator, copper sulfate (Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) was used as the activator, and soluble starch (Jinshan Chemical Reagent Co., Ltd., Chengdu, China) was used as the inhibitor. Terpineol is a chemically-pure reagent, the other reagents were analytically pure, and the experimental water was deionized water.
Flotation Tests
In order to study the effects of the different kinds and contents of fine-grained minerals on the flotation of diaspore and pyrite mixture, a series of artificially mixed ores were prepared and the ratios are shown in Table 1 . The weight of each artificial mixed ore was 20 g, the fixed proportion of pyrite was 10 wt.%, and the proportions of fine minerals were 5, 10, and 15 wt.% in the three trials, respectively. With the increase in the proportion of fine minerals, the proportion of diaspore decreased to 85, 80, and 75 wt.%, respectively, ensuring that the sum of the mass of fine minerals, diaspore, and pyrite in each artificial mixed ore was 100 wt.%.
The 20 g of artificially mixed ore was added into 100 mL flotation cell (XFG‖ 100 mL), then added to 80 mL of deionized water, and then fully mixed. According to our previous exploratory experiment, the suitable reagent system was determined as follows: pulp pH was 8.5, inhibitor dosage was 150 g/t, activator dosage was 100 g/t, collector dosage was 300 g/t, frother dosage was 150 g/t, flotation pulp mixing speed was 1920 rpm, air rate was 0.1L/min, and its type was air. Flotation was carried our according to the above flotation parameters. 
Rheology Measurements
An ARES-G2 rheometer (TA Instruments Co., Ltd., New Castle, DE, USA) was used for rheological measurements. All rheology measurements were performed at a room temperature of 20 °C. The rheometer computer program can calculate the shear stress and viscosity directly. A geometric model with stationary inner cylinder and an external rotating outer cylinder was adopted. The gap between the inner cylinder (diameter = 32 mm) and the outer cylinder (diameter = 34 mm) was 1 mm, which is very small compared to the cup (<3%). Therefore, the error caused by nonuniform shearing in this small gap can be ignored. In this study, the rheological models were the Newtonian fluid model and Bingham fluid model.
According to the parameters during flotation, the slurry was prepared again and, then, the 20 mL syringe without attached needles was inserted into the middle of the slurry to extract 20 mL for rheological measurements. Rheograms were generated for the shearing rate ranging between 4 and 300 s −1 for 100 s to obtain complete rheological curves. The rheological property of pulp is generally characterized by the change of shear stress with shear rate.
Sedimentation Tests
Addition of fine minerals affected the dispersion of ore particles in the slurry. Therefore, the turbidity of the slurry was used to characterize the dispersion. The higher the turbidity, the better the slurry dispersion will be. The sedimentation test is different from the flotation test. The sedimentation tests were performed in a 100 mL sedimentation graduated cylinder. The mass concentration of the four fine minerals was 0.5 g/L and the mass concentration of diaspore and pyrite was 10 g/L [26] . The mixing function of the flotation machine was used to mix the slurry, which contained fine mineral and diaspore or pyrite, and, then, the slurry was transferred quickly to the sedimentation graduated cylinder and precipitated for 5 min. Then, the 20 mL suspension at the top of the settling liquid was extracted and its turbidity was measured in the turbidimeter (HACH 2100Q, Loveland, CO, USA; turbidimetric unit is NTU and the turbidimetric of 1mg/L SiO2 suspension is 1 NTU). In each test, the amount of fine minerals used was 0.05 g and the amount of diaspore or pyrite was 1 g. The turbidity of each test was measured 3 times and then averaged.
Optical Microscope Observations
Mixing the fine minerals with pyrite or diaspore was conducted according to the sedimentation test conditions. In the stirring state, a small amount of mineral slurry was absorbed by the rubber head dropper and dropped on the glass slide. The mineral dispersion state was observed under the microscope and the photos were obtained by the camera connected to the optical microscope.
Results and Discussion
Effect of Fine Minerals on Pulp Rheology
The effects of FDIA, kaolinite, illite, and pyrophyllite on the pulp rheology were studied, as shown in Figures 4-7 . When the pulp concentration was about 20 wt.%, the presence or absence of fine minerals will not change the Newtonian properties of the pulp. The relationship between shear stress and shear rate is a function of one variable that passes through the original point. With the increase in shear rate, the shear stress of different fine minerals is different. In pace with the increase of FDIA or kaolinite, the shear stress increased rapidly, but the pulp was Newtonian fluid as usual. However, with the increase of illite and pyrophyllite, the shear stress slightly increased at the same shear rate and the pulp also behaved as a Newtonian fluid. Munro et al. [33] studied the rheological properties of coal-oil slurry and thought that the coal-oil slurry with concentrations lower than 30 wt.% was a Newtonian fluid, while the coal-oil slurry with concentrations higher than 30 wt.% was a Bingham fluid. Zhang et al. [6] found that the relatively low concentration of Q38 (kaolinite with poor crystallinity) and relatively high concentration of snobrite would not change the Newtonian properties of the pulp when they studied the rheological properties of clay minerals to copper and gold minerals. However, the relatively high concentration of Q38 and relatively low concentration of bentonite would change the pulp into a non-Newtonian fluid with yield stress. But, it should be noted that the pulp concentration was about 30 wt.%. In this study, pulp concentration was about 20 wt.%, so it is reasonable to believe Newtonian properties of pulp should exist.
In the presence of different fine minerals, the change in the rheological property of pulp can also be explained by the aggregation form of mineral particles. When the pH is 8.5, the surface and edge of both diaspore and clay mineral particles have negative points [34] and the electrostatic repulsion between particles is large, thus there is no or little aggregation in the pulp, so the pulp has a Newtonian property. If the pulp at a low concentration (about 20 wt.%) does not reach the critical point of aggregation, fine minerals will not produce aggregates and will not change the original Newtonian properties of pulp. In order to further study the effect of fine minerals on the rheological properties of pulp, the apparent viscosity with a shear rate of 100 s −1 was analyzed. The apparent viscosity at 100 s −1 was chosen because this may be the average shear rate in the flotation cell [35] . Figure 8 shows the effects of the content of fine minerals in the shear rate of 100 s −1 on the apparent viscosity. With the increase in the content of fine minerals, all associated apparent viscosity increased, but the increase in the apparent viscosity was quite different between minerals. The apparent viscosity of illite and pyrophyllite did not change much with the increase in the content, while the increase in the content of FDIA and kaolinite had a greater impact on the apparent viscosity. The apparent viscosity of the pulp increased rapidly with the increase in the addition of FDIA and kaolinite. When the addition amount was 15 wt.%, the apparent viscosity of FDIA pulp was about twice that of the illite or pyrophyllite pulp and the apparent viscosity of kaolinite pulp was about 1.5 times that of the illite or pyrophyllite pulp. 
Effect of Fine Minerals on Diaspore-Pyrite Mixture Flotation
The flotation of artificially mixed ores with different contents of fine mineral was carried out and the rheological parameters and the recovery of pyrite were analyzed together. Figure 9 shows the effect of different fine minerals on the recovery of pyrite. Without the addition of fine minerals, the recovery of pyrite was 92.3%. When fine minerals were added, the recovery of pyrite changed greatly. When the addition of FDIA was 5 wt.%, the recovery of pyrite decreased to 65.7%. When the addition of FDIA increased to 15 wt.%, the recovery of pyrite decreased to 60.8%. Figure 8 shows that the apparent viscosity of the pulp increased with the increase in the amount of FDIA added. The effect of kaolinite addition on the recovery of pyrite was also remarkable. After adding 5 wt.% kaolinite, the recovery of pyrite decreased to 74.7%. With the increase of kaolinite addition to 10 wt.% and 15 wt.%, the recovery of pyrite was 77.5% and 81.4%, respectively, which shows that kaolinite has a significant impact on the pulp rheology and the recovery of pyrite. Adding 5-15 wt.% illite slightly increased the viscosity of pulp. Compared with the addition of other fine minerals, adding illite had little effect on the recovery of pyrite; the recovery was only reduced from 92.3% to 90.5%, 86.4%, and 84.7%. Nevertheless, the addition of these three fine minerals showed a trend. With the addition of fine minerals, the apparent viscosity of the pulp increased and the recovery of pyrite decreased. The recovery rate of pyrite decreased with the increase in the apparent viscosity of pulp. There was a good correlation between the change in pyrite recovery and the change in pulp viscosity.
Nevertheless, when pyrophyllite was added into the pulp, the apparent viscosity of the pulp did not change much, which was similar to the effect of illite addition on the apparent viscosity of the pulp. The addition of these two fine minerals did not cause a significant increase in the apparent viscosity of the pulp. Yet, the effect of pyrophyllite on the recovery of pyrite was noticeable. When pyrophyllite was added at 5 wt.%, the recovery of pyrite reduced to 49.2%. When pyrophyllite was added at 10 wt.% and 15 wt.%, the recovery of pyrite reduced to 29.1% and 28.5%, respectively. This shows that the addition of pyrophyllite reduces the recovery of pyrite, not only because pyrophyllite changes the recovery of pyrite by changing the pulp rheology, but also for other reasons. 
Rheological Properties of the Six Minerals Added into Water
In order to better research the rheological property of pulp, six kinds of minerals were added into water separately to prepare pulp with a concentration of 20 wt.% for rheological measurements. The results are shown in Figure 10 . At 20 wt.% diaspore or pyrite, pulps were Newtonian fluids. Different from other minerals, with the increase in shear rate, the shear stress decreased and the values were almost the same. Similarly, illite pulp with 20 wt.% concentration was a Newtonian fluid. Yet, the shear stress was slightly higher than that of the diaspore pulp or pyrite pulp. The shear stress of the 20 wt.% FDIA slurry is the largest with the increase of shear rate, which also shows that the former addition of FDIA has the greatest impact on the pulp rheology of artificially mixed ore, but the difference is that FDIA slurry was not a Newtonian fluid but a Bingham fluid with a certain yield stress. This condition may have resulted from that the pulp containing only one kind of FDIA mineral, but the former artificially mixed ore contained diaspore, pyrite, and FDIA, and diaspore and pyrite account for the majority of the addition [6] . When there were large number of fine minerals, the viscosity of the pulp increased and the pulp behaved as a Bingham fluid with yield stress. The 20 wt.% kaolinite slurry was also a Bingham fluid for similar reasons as FDIA. However, 20 wt.% kaolinite pulp showed less shear stress than the 20 wt.% diaspore pulp. In the previous study, the increase in shear stress caused by adding kaolinite was smaller than that caused by adding FDIA.
It is remarkable that the pyrophyllite pulp with a concentration of 20 wt.% showed the highest shear stress. In this moment, the pyrophyllite pulp is a Bingham fluid. However, in the previous study on the pulp rheology of the artificially mixed ore, the addition of pyrophyllite did not cause an increase in the shear stress or apparent viscosity. Compared with the addition of other fine minerals, the effect of pyrophyllite on the pulp rheology was smaller, but the addition of pyrophyllite led to the lowest recovery of pyrite. Therefore, it can be concluded that the reduction in pyrite recovery by adding pyrophyllite is not only due to the influence of the rheological properties of pulp, but also due to other more important factors, such as complex particle interactions in the pulp. Adding pyrophyllite to change the rheological property of pulp is not the main factor to reduce the pyrite recovery. 
Hetero-Aggregation of Fine Minerals with Pyrite or Diaspore
The correlation analysis between rheological behavior and pyrite recovery found that the 20 wt.% of pyrophyllite pulp showed the highest shear stress. However, in the previous study of rheological behavior of artificially mixed ore, the addition of pyrophyllite did not cause an increase in shear stress and apparent viscosity of artificially mixed ore pulp, which may be caused by other more important factors. Therefore, the effect of fine minerals on the properties of artificially mixed ore pulp was further studied by sedimentation tests.
Turbidity can characterize the dispersion behavior of particles in the pulp. The larger the turbidity, the easier it is for the particles to disperse in the pulp and form a stable suspension. The smaller the turbidity, then the aggregation has occurred between the mineral particles. In this experiment, the initial concentration of diaspore and pyrite was 10 g/L and the diameters of diaspore and pyrite were large, so they were able to easily settle in the pulp. Their turbidity is 50.4 NTU and 69.7 NTU, respectively. The initial concentration of the fine minerals was 0.05 g/L, but the turbidity was relatively large, with an average value around 600 NTU. The sum of the turbidity of diaspore or pyrite and the turbidity of fine minerals was the theoretical turbidity. The change in pulp turbidity reflects the aggregation phenomenon between fine minerals and diaspore or pyrite. A schematic diagram of the mineral particle aggregation phenomenon is shown in Figure 11 . Figure 12 shows the turbidity of the fine minerals with diaspore or pyrite. The study found that the actual turbidity of FDIA mixed with pyrite or diaspore was slightly less than the theoretical turbidity, indicating that FDIA and diaspore have slight homo-aggregation. FDIA and pyrite have slight hetero-aggregation. Like FDIA, illite produced slight hetero-aggregation with pyrite or diaspore and the actual turbidity was not much different from the theoretical turbidity. This shows that these two fine minerals indeed affect the flotation effect by affecting the pulp rheology. On the contrary, when kaolinite was mixed with diaspore or pyrite, the actual turbidity was slightly higher than the theoretical turbidity, indicating that there was no hetero-aggregation. The actual turbidity increase may have resulted from the presence of fine kaolinite in the pulp, which is beneficial for the dispersion of diaspore or pyrite. Generally, the better the particles are dispersed in the pulp, the more helpful they are for flotation [36] . However, in the flotation test, with the addition of kaolinite, the recovery of pyrite was reduced. The addition of kaolinite has an impact on the pulp rheology, which in turn affects the recovery of pyrite, and it is also possible that the fine kaolinite adsorbed a large amount of flotation agents, which resulted in a decrease in the amounts of agents adsorbed on the surface of pyrite. Furthermore, the recovery of pyrite was reduced. The specific reason for this needs further study. The sedimentation test of pyrophyllite with diaspore or pyrite well-explained why pyrophyllite did not increase the viscosity of the artificially mixed ore pulp when added to the artificially mixed ore. The turbidity of the pyrophyllite and diaspore mixture decreased from 582 NTU (theoretical turbidity) to 386 NTU (actual turbidity). The turbidity of pyrophyllite and pyrite mixture decreased from 601 NTU (theoretical turbidity) to 435 NTU (actual turbidity). Pure pyrophyllite pulp has a very high viscosity, but pyrophyllite and diaspore or pyrite produce distinct hetero-aggregation. It reduced the fine pyrophyllite content in the slurry. As to why the addition of pyrophyllite will sharply deteriorate pyrite recovery, it may be because pyrophyllite was adsorbed on the surface of pyrite, deteriorating the surface properties of pyrite and making it difficult for pyrite particles to collide with bubbles effectively. This is the main reason for the reduction of pyrite recovery.
In order to further confirm that the fine minerals had hetero-aggregation with diaspore or pyrite, the state of the slurry of the fine minerals with diaspore or pyrite was observed under a microscope. The results are shown in Figure 13 . The aggregation of FDIA, kaolinite, and illite with diaspore or pyrite was not obvious, while pyrophyllite and pyrite or diaspore had significant hetero-aggregation, which is consistent with the results of the settlement test. 
Conclusions
In the flotation process, pulp rheology is an important factor affecting the flotation effect. The type and content of fine minerals in pulp are the main factors affecting the rheological properties of pulp. The existence of fine minerals can change the rheological behavior of pulp and can cause agglomeration with pyrite. These two processes jointly affect the recovery of pyrite. Therefore, in the grinding operation before flotation, and on the premise of ensuring the dissociation of the minerals, over-grinding should be avoided as far as possible or the classified flotation process should be adopted to reduce the adverse effect of fine minerals on flotation. In this study, the main conclusions were as follows:
(1) When the solid mass concentration of diaspore and pyrite mixture are about 20 wt.%, the pulp was a Newtonian fluid and the Newtonian property of the pulp will not be changed by adding fine minerals up to 15 wt.%;
(2) The shear stress and apparent viscosity of artificially mixed ore pulp added with FDIA, kaolinite, or illite will increase with the increase in the amount of fine mineral added. With the increase in shear stress and apparent viscosity, the recovery of pyrite is reduced. The greater the amount of fine minerals added, the higher the shear stress and apparent viscosity of the slurry and the lower the recovery of pyrite. The order of influence of the three fine minerals on pulp rheology and pyrite recovery is: FDIA > kaolinite > illite. The change in the recovery of pyrite has a good correlation with the change in slurry viscosity;
(3) The addition of pyrophyllite has little effect on the rheology of the mixed ore, but has a significant effect on the recovery of pyrite. With the increase in the amount of pyrophyllite, the recovery rate of pyrite is reduced significantly, indicating that pyrophyllite affects pyrite recovery, not just by changing the rheology of the slurry, but also by adsorption on the surface of pyrite and diaspore, making it difficult for the pyrite particles to collide with the bubbles effectively. This is the main reason for the reduction in pyrite recovery. Overall, the order of reduction in the pyrite recovery by the addition of fine minerals is pyrophyllite > FDIA > kaolinite > illite. 
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